The purpose of this study is to contribute to an understanding of the mechanism of production of various types of hyperlipemia by comparing the plasma phospholipid turnover time in normal individuals and in patients with elevated plasma lipids. The rate of incorporation of a single tracer dose of P32 labeled carrier-free inorganic phosphate into the plasma phospholipids has been measured and a mathematical procedure described by Zilversmit, Entenman, and Fishler (1) has been used for the calculation of the turnover time of the sum of phospholipid phosphorus contained in the plasma and liver. Results obtained in six normal individuals, in five patients with the nephrotic syndrome and in three patients with hyperlipemia due, respectively, to hypothyroidism, biliary cirrhosis and essential familial xanthomatosis will be presented.
MATERIALS
All studies were carried out at the Peter Bent Brigham Hospital. Experimental subjects were maintained on normal diet and activity. The subjects selected as normal controls were members of the house staff except for C. K. who was a ward patient. All were free from significant disease.
All patients with the nephrotic syndrome were considered to be in the nephrotic stage of chronic glomerulonephritis and none had azotemia. One of these patients, W. F., was studied on two occasions, marked, respectively, W. F. 1 and W. F. 2. Study W. F. 1 was carried out six weeks after onset of symptoms of the nephrotic syndrome, while study W. F. 2 was carried out three months later. In study W. F. 1, p82 was injected the day after cessation of a five-day course of oral cortisone, 300 mg. daily, which had failed to pro-latter therapy, which produced a moderate diuresis, was accompanied by a fall in plasma phospholipid concentration from 18.7 to 13.4 mg. per 100 cc. Results of study W. F. 1 are thus difficult to interpret; they have been included in this series in order to avoid statistical bias. Studies in the other nephrotics were carried out six months to three years after onset of the disease. Except for study W. F. 1 all experiments in the patients with the nephrotic syndrome were carried out during periods in which the course of their disease was not changing.
Patient H. McC. presented the classical picture of hypothyroidism. Serum protein-bound iodine was 0.8 gamma per 100 cc., radioactive iodine uptake was 0 per cent and serum cholesterol was 480 mg. per 100 cc.
Study No. 1 was carried out during a control period, study No. 2 performed after this patient had received 30 mg. of thyroid daily for three months. At this time there was marked clinical improvement and serum cholesterol had fallen to 300 mg. per 100 cc. Patient G. G. had suffered from pruritus, jaundice and progressive weakness for eight months. Physical examination showed intense jaundice, an enlarged, firm liver, palpable spleen tip but no xanthomata. Laboratory studies showed persistent elevation of serum alkaline phosphatase but only slight evidence of hepatocellular damage. Operation two months after onset of symptoms had failed to show extrahepatic biliary obstruction, while pathological findings in the liver were those of pericholangitis and early biliary cirrhosis.
Patient R. Go. presented the classical picture of familial hypercholesterolemia with xanthoma tendinosum, and there was well documented evidence of coronary insufficiency. Her serum cholesterol was 393 mg. per 100 cc.
METHODS
The radioactive phosphorus was obtained from the Oak Ridge National Laboratories as carrier-free PU in the form of dilute phosphoric acid. The isotope was assayed and its identity checked qualitatively with aluminum absorbers. After a portion of the material had been set aside for half-life determination, it was diluted with physiological saline and autoclaved; 1 
RESULTS
The experimental data are shown in Table I and the results of certain experiments are presented in Figures 1-5 Calculation of turnover time A mathematical treatment described by Zilversmit, Entenman, and Fishler (1) has been employed to calculate the turnover time of the sum of lipid phosphorus contained in the plasma and liver, henceforth referred to as the "plasma-liver pool" of lipid phosphorus. Turnover time is defined as the time required to turn over a quantity of phospholipid phosphorus equal to that present in the pool. It is known that there are several types of phospholipids each with different turnover rates (7, 8) . Our 
where L = specific activity of lipid phosphorus, P = specific activity of urine phosphate, k = fraction of lipid phosphorus present in the "plasma-liver pool" turned over per hour, t = time in hours.
Equation (1) FIGURE 3 In preparing this figure all specific activity values for patient W. F. 2 were multiplied by 0.601, this factor being chosen because it made the urine phosphate specific activity curve for this patient and for the other individual shown in the figure almost superimposable. It is evident from the figure, that, in relation to the specific activity of urine phosphate, the specific activity of plasma lipid phosphorus increased much more slowly in the patient with nephrosis than in the normal individual. 
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liver inorganic phosphate and lipid phosphorus was not measured. It is assumed that: 1. All plasma phospholipids are both manufactured and destroyed by the liver.
2. Exchange between plasma and liver phospholipids occurs at a rapid rate. In particular, it is assumed that by 24 hours after injection of p32 the specific activity of plasma and liver lipid phosphorus is identical.
3. The specific activity of total urine phosphate is the same as that of the immediate precursor of lipid phosphorus in the "plasma-liver 
FIGuRE 5
The first study in patient H. McC. was carried out during a pre-treatment control period and the second study after therapy with thyroid extract 30 mg. a day for three months. In this figure all specific activity values for the "during therapy" study were multiplied by 1.22. It is evident from the figure that, in relation to the specific activity of urine phosphate, the specific activity of plasma lipid phosphorus increased more slowly before therapy than during therapy.
and. Chaikoff (9) in which the specific activity of lipid phosphorus in the liver, plasma and certain other tissues was compared following the intramuscular injection of pS2 labeled inorganic phosphate. It was found that by eighteen hours after injection of p32 and thereafter, plasma and liver phospholipid phosphorus had nearly identical specific activities. As will be discussed below this assumption may Figure  6 . As discussed earlier, equilibrium between the specific activity of plasma inorganic phosphate and urine phosphate is probably established rapidly.
In the rat the specific activity of plasma inor- ganic phosphate and liver inorganic phosphate were found to be nearly the same subsequent to two hours after injection of p32 (11, 12) . Popjak and Muir (13) and Zilversmit, Entenman, and Chaikoff (8), however, found that the specific activity of liver glycerophosphate is less than that of liver inorganic phosphate up to as long as 24 hours after injection of p32. Zilversmit, Entenman, and Chaikoff (8) and Tolbert and Okey (14) showed in experimental animals that if calculations of turnover time of liver phospholipids are based upon the assumption that liver inorganic phosphate is the immediate precursor of liver phospholipids, resulting values are two to four times as long as when it is assumed that liver glycerophosphate is the immediate precursor. In these studies it was shown that liver inorganic phosphate clearly did not fulfill criteria set out by Zilversmit, Entenman, and Chaikoff and other workers (8, 13) for an immediate precursor of liver phospholipids. In our data, however, urine inorganic phosphate fulfilled the criteria for an immediate precursor of plasma phospholipid in eleven out of sixteen experiments in human subjects. In three of our studies (H. McC. 2, A. G. , and G. G., Table I ) the criteria were not entirely fulfilled, but the deviation was small and may have been due to experimental error, while in only two studies (R. C. and F. H., Table I and Figure 2 ) the immediate precursor relationship was clearly not fulfilled. These findings suggest that for studies in man, the assumption that inorganic phosphate is an immediate precursor of liver phospholipids does not introduce as large an error in the calculation of phospholipid turnover time as it did in the studies in experimental animals (8, 13) .
Equation 1 was solved as follows. Using a procedure illustrated in Figure 7 , it was found that in all patients the variation of urine phosphate specific activity (P) with time could be expressed as the sum of two exponentials:
(2) In this figure urine phosphate specific activity is plotted as the ordinate against time in hours on semi-log paper. Experimental points are indicated as crosses. The portion of the experimental curve between 96 and 168 hours was found to form a straight line. This portion of the curve was designated as component 2 with slope lamda 2, and was extrapolated to 0-time, as shown in the figure.
The difference between the experimental curve and the extrapolated line at corresponding time intervals was determined graphically and plotted, these points being shown as open circles in the figure. Component 1, with slope lamda 1, is the straight line which gives the best fit for these points. Points A and B represent, respectively, the intercepts of components one and two with the 0 hour line. Using this procedure urine phosphate specific activity could be expressed by equation 2 (see text). The constants were obtained as described in Figure 7 . These values were used in our calculation of the Turnover Tm.
The procedure employed in determining these constants is shown in Figure 7 . The value of the constants in each experiment is shown in Table II . Equations 1 and 2 are combined:
Solution of equation 3 is:
L= kA e-Nit + kB e_)2t
( kA + kB ) e-kt (4) "k" can be found numerically by substitution at any one time, "t" of the experimental values of L, A, B, lamda 1, and lamda 2. Results of this calculation in each patient at t = 24, 48, 72, and 96 are shown in Table III . Turnover time is equal to 1/k ("k" represents the fraction of lipid phosphorus turned over per hour).
DISCUSSION

A. Results in normal individuals
As shown in Table III , we have calculated that in six normal individuals the average turnover time of phospholipid phosphorus in the "plasmaliver pool" was 75 hours with a range of 60 to 95.
To estimate the turnover rate of phospholipid phosphorus in the "plasma-liver pool" from these data we have considered the phospholipid phosphorus content of the normal liver to be 2.0 grams (17), while we have used a figure of 0.3 gram for the phospholipid phosphorus content of plasma. The phospholipid phosphorus content of the "plasma-liver pool" would thus be estimated to be 2.3 grams. Turnover rate is equal to Lipid phosphorus content in "plasma-liver pool" Turnover time
It is thus estimated that 2.3/75 or 0.03 gram of lipid phosphorus are turned over per hour. Weinman, Chaikoff, Entenman, and Dauben (18) found that the turnover times of the fatty acid and the phosphorus moiety of the plasma phospholipid molecule were nearly the same, while Tolbert and Okey (14) showed that the phosphorus and choline moiety of rat liver phospholipids appeared to have the same turnover time. It is thus possible that the turnover time of the phospholipid molecule as a whole is the same as that of the phosphorus moiety. Using the conventional factor of 25 it would thus be estimated that 25 x .03 = 0.75 gram of phospholipid are turned over per hour or 18 grams per day. London and Rittenberg (19) calculated that the half-life time of plasma cholesterol in normal man was eight days. Gould (20) calculated from these data that in a pool consisting of liver, plasma and red cells, 1.2 grams of cholesterol are turned over each day. It would thus appear that phospholipids are turned over much more rapidly than cholesterol. these results and those in the normals was found to be highly significant statistically (P less than 0.01). This result is consistent with the finding of London, Sabella, and Yamasaki that in a patient with the nephrotic syndrome the half-life time of plasma cholesterol was prolonged (21) .
It can be seen in Table III , that in the normals the value of "k" in any one individual is relatively constant. In the patients with nephrosis and in the patient with hypothyroidism, however, the value of "k" calculated at 24 hours is consistently lower than that at later time intervals. This finding indicates that one or more of the assumptions made was not justified in these patients, since if all the assumptions were correct "k" should be constant for each individual. Figure 3 , namely, that in relation to the specific activity of urine phosphate, the specific activity of plasma lipid phosphorus increased more slowly in the patients with nephrosis than in the normal individuals.
The slower than normal increase in plasma lipid phosphorus specific activity in these patients may be explained by one of the three following hypotheses:
1. Delay in isotopic equilibrium being reached between urine phosphate and the immediate precursor of liver phospholipids.
2. If we accept the assumptions made for our calculation, a prolonged turnover time of phospholipids in the "plasma-liver pool."
3. Delay in the establishment of isotopic equilibrium between plasma and liver phospholipids.
Hypothesis 1 would indicate abnormal metabolism of the precursors of liver phospholipids. There is at present no evidence for this hypothesis.
According to Hypothesis 2 our data indicate a prolonged turnover time of lipid phosphorus contained in the "plasma-liver pool." Although no data are available on the phospholipid content of the liver in patients with the nephrotic syndrome, Bally and Emerson (22) have shown that in rats with nephrotoxic nephritis the phospholipid content of the liver is normal even in the presence of marked hyperlipemia. If we assume a value of 0.6 gram (twice normal) for the lipid phosphorus content of plasma, a value of 2 grams (normal) (17) for the lipid phosphorus content of the liver, and 159 hours as the turnover time (the average value in our six experiments), it could be calculated that the patients with nephrosis turned over (2 + 0.6 gram)/159 hours = 0.016 gram of lipid phosphorus per hour, approximately half the normal amount. However, for reasons discussed below we do not favor this interpretation.
According to Hypothesis 3, the slow increase in plasma phospholipid specific activity is due to delay in isotopic equilibrium being reached between plasma and liver phospholipids. Bearing in mind the observation (9, 10) that virtually all plasma phospholipids are both manufactured and removed from the circulation by the liver, this would mean that the turnover time of plasma phospholipids is prolonged without there necessarily being any abnormality in the turnover time of liver phospholipids. This hypothesis could explain the variation of the calculated values in the nephrotics of the fraction of lipid phosphQrus in the pool turned over per hour (k) as shown in Table III . It will be noted that in each of the nephrotics "k" is lower at 24 hours than at later time intervals. It can be shown by substituting various values for "k" in Equation 4 , that it usually varies in the same direction as the specific activity of lipid phosphorus (L). Since the liver is the main source of plasma phospholipids, it would be expected, and it.was indeed found to be the case in the dog (9) , that before isotopic equilibrium is reached the specific activity of plasma phospholipids is less than that of liver phospholipids. Delay in the establishment of this equilibrium thus could explain the observed variation in "k. " Hiller, Linder, Lundsgaard, and Van Slyke (23) found a greater than normal increase in plasma lipids in patients with nephrosis after a fat meal and Stanley and Thannhauser (24) found that following oral administration of I13" labeled olive oil, radioactivity in plasma lipids reached a higher peak and disappeared more slowly in a patient with nephrosis than in normal individuals. If it is assumed that fat absorption in nephrosis is normal and that the administered fat was completely mixed with plasma lipids, then both of these experiments indicate that in nephrosis a smaller than normal fraction of plasma lipids is removed from the circulation per unit time. These experiments are in agreement with Hypothesis 3, namely, that there is a delay in the attainment of isotopic equilibrium between plasma and liver phospholipids.
As noted earlier our results apply only to the average turnover time of total lipid phosphorus. Zilversmit, Entenman, and Chaikoff (8) found that in the liver of the dog lecithin is turned over more rapidly than cephalin or sphingomyelin. A marked change in the composition of phospholipids alone could thus conceivably account for our findings. Albrink (25) found that in the plasma from two patients with nephrosis the ratio of choline to non-choline containing phospholipids was normal, but she did not determine the ratio of lecithin to sphingomyelin. Further data on the composition of phospholipids in nephrosis as well as turnover studies of separate types of phospholipids would thus be of interest.
C. Results in other types of hyperlipemia
In one patient with untreated hypothyroidism the turnover time of phospholipid phosphorus was calculated to be 200 hours, while in the same patient during thyroid therapy it was calculated to be 93 hours. This finding is in agreement with results obtained in experimental animals by Flock, Bollman, and Berkson (12) and data on cholesterol synthesis in hypo-and hyperthyroid rats by Byers, Rosenman, Friedman, and Biggs (26) . Since our studies in hypothyroidism are confined to one patient they are not suitable for statistical analysis. However, results in this patient appeared to be similar to those in the patients with the nephrotic syndrome.
The value for turnover time calculated in the patient with familial hypercholesterolemia was intermediate between that in the normals and the patients with nephrosis.
In our one patient with biliary cirrhosis it was calculated that the phospholipid phosphorus turnover time was within normal limits. In this patient the plasma phospholipid concentration was markedly increased. If it is assumed that the phospholipid content of the liver in this patient was not less than normal, it would be concluded that the phospholipid content of the "plasma-liver pool" was larger than normal. It seems likely, therefore, that in this patient a larger than normal quantity of phospholipid phosphorus was turned over per unit time. No conclusions are warranted, of course, from studies in one patient. It is of interest, however, that this finding is in agreement with those of Balfour (27) in a group of patients including ten individuals with hyperlipemia due to liver or biliary disease. It is, therefore, suggested that the mechanism of hyperlipemia due to liver disease or biliary obstruction is different from that in the nephrotic syndrome. SUMMARY 1. In six normal individuals and in eight patients with hyperlipemia, the specific activity of plasma lipid phosphorus and urine phosphate was measured following the intravenous injection of P32 labeled inorganic phosphorus.
2. Turnover time of phospholipid phosphorus contained in the plasma plus liver was calculated from these data and in six normal individuals this was estimated to be 60 to 95 hours.
3. In the patients with nephrosis and in a patient with untreated hypothyroidism the specific activity of plasma lipid phosphorus, in relation to that of urine phosphate, increased more slowly than in normal individuals, while in a patient with -biliary cirrhosis it increased at a nearly normal rate. Intermediate values were obtained in one patient with familial hypercholesterolemia. 4 . It is suggested that the most likely interpretation of the findings in the patients with nephrosis is a delay in the attainment of isotopic equilibrium between plasma and liver phospholipids.
